Introduction
Behavior of S in liquid iron is one of interesting behaviors of variety of chemical reactions during ironmaking and steelmaking processes. Desulfurization of liquid iron in blast furnace is carried out by lime in flux, which forms an ironmaking slag. It is known that S in liquid iron transfers from the liquid iron to the lime probably by forming sulfur-bearing volatile species.
1) Sulfur content in iron and various other alloys could be reduced markedly by vacuum. [2] [3] [4] This also supports that evaporation of S from liquid metal including iron may be an important step of desulfurization.
Recent investigations of evaporative refining of molten ferrous scrap in order to remove Cu and Sn also showed that evaporation of S from the molten ferrous scrap significantly influences the evaporation rate of Cu and Sn. Jung et al. found that S plays very important but opposite two roles in the evaporation of Cu and Sn: 1) S is easily adsorbed onto surface of the molten ferrous scrap, thereby blocking evaporation site of Cu and Sn, 2) S forms volatile species such as CuS(g) and SnS(g), thereby enhancing the evaporation of Cu and Sn. 5, 6, 8) Adding C into molten ferrous scrap accelerates evaporation of S, as well as Cu and Sn. 7, 9) However, C competes with Cu and Sn in order to take S. Jung et al. proposed that C and S react to form CS 2 (g) species in C saturated molten ferrous scrap, which is basically Fe-C-S alloys with Cu and Sn. 8, 9) In order to precisely know the evaporation rate of Cu and Sn from liquid Fe-C-S alloys, it is prerequisite to understand evaporation of S in liquid Fe-C-S alloys. Jung et al. investigated the evaporation of S
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in liquid Fe-C-S alloys at 1 873 K of various S content, but only C saturated condition. 7) They also developed a kinetic model equation for S evaporation, but it was only limited to Fe-C-S alloy at C saturation.
7)
Almost at the same time, another interesting investigation was carried out by Wu et al. 10) They investigated evaporation of S in liquid Fe-C-S alloys at 1 873 K of various C content, at approximately similar S content ([pct S] 0 = 0.1-0.14). Both studies 7, 10) employed very similar technique (electromagnetic levitation under flowing Ar gas of the same flow rate). Therefore, these two independent investigations may be used in order to understand evaporation mechanism of S in liquid Fe-C-S alloys of various C and S content, at least at 1 873 K. In the present article, these two experimental research results were carefully analyzed in order to develop a model equation for S evaporation in liquid Fe-C-S alloys. Concentration unit used throughout this manuscript is mass percent.
Previous Studies
Sehgal and Michell investigated kinetics of desulfurization of steel. 11) They measured content of S in liquid Fe-C-S alloy at 1 853 K under vacuum. They found that increasing C content increased evaporation rate of S. Increasing~ 1 mass pct. of C (from 0.13 pct. to 1.30 pct.) increased apparent rate constant of S evaporation (m S ) 1.4 times. This value was coincident with a value f S C ( = 1.4), increase of the activity coefficient of S by C.
12) Therefore, they concluded that the increase of evaporation of S by C was due to the increase of activity coefficient of S in the liquid alloy.
Fruehan and Turkdogan also investigated kinetics of desulfurization under vacuum 1) at various temperatures (1 553 K, 1 773 K, 1 873 K). They reported that the evapo-ration rate was significantly lower than free evaporation of S under vacuum. They considered surface adsorption of S on the kinetics of S evaporation. They also observed that increasing C content in liquid Fe-C-S alloys increased evaporation rate of S, but the rate was still lower than that of free evaporation. They concluded that role of C was increasing activity coefficient of S ( f S ), as was proposed by Sehgal and Michell.
11) Although they were aware of the presence of carbosulfide gas species, they concluded that neither CS(g) nor CS 2 (g) had formed in their experiment.
Later, the experimental data of Fruehan and Turkdogan
1)
were reanalyzed by Belton with Fruehan and Turkdogan.
13)
Belton pointed out that Fruehan and Turkdogan employed an inaccurate value for the Gibbs energy of dissociate of S 2 (g) to 2S(g) from Elliott and Gleiser, 14) subsequently for the Gibbs energy of S = S(g). Belton reported that use of the inaccurate Gibbs energy resulted in significantly high evaporation rate in the calculation of Fruehan and Turkdogan.
1) Taking more accurate Gibbs energy values resulted in an interesting finding that evaporation rate of S in Fe-C-S alloys was even faster than a calculated rate based on Langmuir equation for free evaporation. 16) Belton concluded that the free evaporation of S cannot explain the data of Fruehan and Turkdogan, and evaporation of carbosulfides gas species cannot be neglected. He did not consider surface adsorption of S.
Wu et al. employed an electromagnetic levitation technique to carry out a series of gas-liquid reaction at 1 bar pressure.
10) A number of Fe-C-S alloys of various C content were prepared. Each of these alloys were then levitated, and S was allowed to evaporate. The evaporation could be explained by a first order reaction rate, where the first order interaction parameter e S C ( = 0.11) and second order interaction parameter r S C ( = 0.0058) both at 1 873 K were taken from References 16. If the increased evaporation rate of S was only due to effect of the increase of f S , then, the plot of ln / pct S pct S > @ > @ 0 with respect to where m S ′ is a modified apparent rate constant (m sec − 1 ). Nevertheless, their experimental data were not still explained by the Eq. (4): m S ′ still increased as C content increased. Therefore, it was clear that the faster evaporation rate was not solely accounted for by the increase of f S by C. In any respect, Wu et al. postulated that the interaction parameters used in the calculation might be inaccurate. They utilized their experimental data in order to extract the interaction parameters, assuming equilibrium was achieved in their experiment. Newly derived interaction parameters were 0.113 for e S C and 0.028 for r S C at 1 873 K, respectively. Inserting these new interaction parameters into the Eq. (3), and subsequently in the Eq. (4), they could obtain a single straight linear plot of ln / pct S pct S > @ > @ 0 with respect
However, these interaction parameters are thought to be less reliable. First, their experimental procedure was a typical of kinetic investigation for the heterogeneous gas-liquid reaction. Equilibrium should not be assumed for obtaining solution thermodynamics of the liquid phase. Second, the newly proposed interaction parameters are not consistent with well-known thermodynamics of the liquid Fe-C-S system. Most recent thermodynamic analysis of the Fe-C-S system using CALPHAD method showed that e S C and r (4) does not properly represent the evaporation of S from liquid Fe-C-S.
Jung et al. carried out a series of experiment using the electromagnetic levitation technique. 7) They measured evaporation rate of S in Fe-S alloy and C saturated Fe-C-S alloy at 1 873 K. They showed that faster evaporation rate at C saturated alloy could not be solely explained by the increase of f S . According to the report of Kato and Fukube, some of carbosulfide gas species should be responsible.
18)
They analyzed their experimental data of the C saturated alloy assuming either evaporation of CS(g) or evaporation of CS 2 (g). They found that consideration of CS 2 (g) as the evaporating species could explain the faster evaporation rate of S, with well-known thermodynamic information (interaction parameters). This looks consistent with the conclusion of Belton et al. 13) Jung et al. also took into account the effect of surface adsorption of S, as was done for kinetic analysis of evaporation of Sn and Cu from liquid iron containing S. [5] [6] [7] [8] [9] However, their model was valid only at C saturation condition.
Model for Evaporation Rate of S from Liquid Fe-C-S Alloy
As was shown in the previous works, the evaporation of S from liquid Fe-C-S alloy should be considered with the followings: 1) increasing f S by C (Eq. (3)) should be responsible for faster evaporation of S from Fe-C-S alloy, but this is insufficient to fully explain the faster evaporation, 2) certain amount of carbosulfide gas species should be responsible for the faster evaporation, 3) evaporating species may vary depending on C and S contents in the liquid alloy.
As reported by many investigators, S evaporation from Fe-C-S alloys can be in form of solely S(g) or another S gas compound such as CS or CS 2 . 1,13,18-20) Kato and Fukube reported that during vacuum melting of Fe-C-S alloys at temperature range of 1 273 K-1 673 K, the ions S + , S 2 + , CS + , and CS 2 + were found from the mass spectrometry.
18)
Fruehan and Turkdogan also suggested that S may evaporate as S(g) and S-containing gas compound. 1) In order to check thermodynamic stability of various S containing gas species, a thermodynamic calculation was carried out using FactSage 21, 22) with FactPS database for gas components and a database recently developed by the present authors for liquid alloy.
17) Figure 1 shows partial pressure of various gas species in equilibrium with liquid Fe-S-C alloys at 1 873 K. [pct S] was set to 0.1 and [pct C] was varied from 0 to 5. As can be seen in the figure, partial pressure of these gas species increases as [pct C] increases. When [pct C] > 0.8, partial pressure CS(g) is dominant over that of S(g) or S 2 (g). Partial pressure of CS 2 (s) is also high at high C content, but it is not as high as that of CS(g). According to the kinetic analysis by Jung et al. for C saturated alloy, 7) major evaporating species should be CS 2 (g), not CS(g). This discrepancy may be attributed to incompatible situation between thermodynamic equilibrium and non-equilibrium during evaporation. Nevertheless, it is wise to consider that these carbosulfide species are necessary to interpret evaporation kinetics of S from C containing liquid iron.
Therefore, it was decided to consider S(g), CS(g) and CS 2 (g) as evaporating species: Evaporation of S 2 (g) was not explicitly considered, but its contribution to change of S content in liquid alloy may be assumed to be represented by S(g). This is because 1) explicit consideration of the S 2 (g) induces an additional complexity in the rate equation (Eq. (8)) and requires one more rate constant to be evaluated, for example, k S2 , and 2) nevertheless, it only influences [pct S] as the evaporation of S(g) does, not [pct C] as CS(g) and CS 2 (g) do.
The rate equation is formulated as:
where k i is an apparent rate constant for individual evaporating species i (i = S, CS, CS 2 ). The apparent rate constant is formulated according to Jung et al. ), respectively. The Eqs. (9) to (11) were formulated so as to take into account surface adsorption of S by Langmuir's ideal adsorption. 15) ρ of liquid Fe-C-S alloys at 1 873 K was estimated from Jimbo and Cramb: 23) U u > @ (12) f S and f C were calculated using the Eqs. (3) and (13):
along with e S C = 0.0926, r S C = 0.00938, e C C = 0.0979, r C C = 0.0077 at 1 873 K, respectively. 17) Effect of S on the activity coefficients and density were ignored because content of S considered in the present study is low. K S ( = 40 at 1 873 K) was taken from Sekino et al., 24) which is close agreement with a report by Harashima et al. 25) and Nagasaka and Fruehan.
26) The chemical rate constants k S R , k CS R , and k CS R 2 were obtained in order to reproduce known experimental data as close as possible, which will be shown in Sec. 4. Once the chemical rate constants were obtained, these were inserted into Eqs. (9) to (11) with K S , f S, f C , ρ, and molecular weights M C and M S . At a given [pct S], the apparent rate constants were obtained. By inserting these constants into the Eq. (8), the evaporation rate of S can be calculated. By setting a small time step (Δt), [pct S] after Δt can be calculated, and this is substituted back into the Eqs. (9) to (11) in order to update the apparent rate constants after Δt. These steps are then repeated up to desired time. 
Results
Change of S content in C saturated liquid Fe-C-S alloys of various [pct S] 0 was measured at 1 873 K by Jung et al., 7) and it is shown in Fig. 2(a) ). In the previous study by Jung et al., 7) these data were analyzed by assuming only CS 2 (g) as the evaporating species. In the present study, apart from CS 2 (g), CS(g) and S(g) were also considered. Nevertheless, for the C saturation condition, CS 2 (g) was found to be a major evaporating species at early stage of evaporation. Therefore, k CS R 2 was first fitted to the data at the early stage, then k S R and k CS R were fitted to the rest of data. These fitting was a first rough estimation. k S R was also estimated by fitting reported data of S evaporation in Fe-S alloy, which was reported by Jung et al. ). 10) However, during the evaluation of their work, it was found that two experimental data set from Wu et al. 10) and Jung et al. 7) were not consistent each other. Figure 3 shows the reported experimental data from these two studies for similar C content 10) (open symbols). It can be seen that increasing [pct C] significantly increases the overall apparent rate constant m S . According to the Eq. (8), the overall rate constant and normalized overall rate constant can also be derived as: values are in favorable agreement with those reported by Wu et al. 10) Therefore, it can be concluded that the present kinetic model for S evaporation in liquid Fe-C-S alloy is able to represent the effect of C on the S evaporation.
It can be seen in Eq. (14) that m S depends both on [pct C] and [pct S]. Therefore, during evaporation of S, the m S is not kept to be a constant. Nevertheless, it was observed in the present calculation that the m S values did not vary much by the evaporation of S, which will be shown in Sec. 5.
Discussions
Using the model Eqs. ((8) to (11) Interesting point is that S(g) is a major evaporating species for low S containing sample ( Fig. 7(d) ), while CS 2 (g) is a major evaporating species for high S containing sample ( Fig. 8(d) ). Also, as the evaporation proceeds, [pct S] gradually decreases and proportion of CS(g) increases to non-negligible level. As also shown in Fig. 2(b) for the case of [pct S] 0 = 0.068 and C saturation condition, proportion of CS(g) becomes almost as high as that of CS 2 (g) at later stage of evaporation.
Evaporation of S in C saturated liquid Fe-C-S alloys investigated by Jung et al. 7) assumed that CS 2 (g) was the only evaporating species. From the Figs. 2(b) and 8(d), it can be seen that CS 2 (g) is indeed a major evaporating species as long as [pct S] is not too low. This lends strong support to the assumption made by Jung et al. 7) Therefore, it is concluded that consideration of carbosulfide evaporation in Fe-C-S alloys is inevitable.
From the results shows in Figs. 5(b), 6(b), 7(b), and 8(b), it can be seen that the overall apparent rate constant m S is virtually constant during the evaporation. This is due to the fact that decreasing [pct S] increases k S , k CS , and k CS2 , and this might keep the m S nearly constant.
The present kinetic model employed only three parameters ) which were obtained in order to reproduce available experimental data. Employed thermodynamic data (interaction parameters: e S C and r S C ) were consistent with all available thermodynamic and phase equilibrium data. 17) For the present kinetic model, applicable composition range of C is from 0 to its saturation (approximately 5 mass pct.), and that of S is from 0 to 0.5 mass pct, which were confirmed in the present study.
The present kinetic model is very important to calculate evaporation rate of Cu and Sn from liquid iron containing Cu, Sn, C, and S which may be obtained by melting ferrous scrap with hot metal. Cooperative evaporation phenomena of Cu, Sn, and S were already well described by Jung et al.
9)

Conclusions
A kinetic analysis for the evaporation of S from liquid Fe-C-S alloy was presented. In C containing melt, importance of carbosulfide evaporation is shown. Increasing evaporation rate of S by C was attributed to the fact that 1) C increases activity coefficient of S, and 2) C forms volatile carbosulfide species. The latter is consistent with the proposal of Belton et al. 13) Contrary to the approach by Wu et al., 10) thermodynamically consistent interaction parameters were used in the present study which were taken from the present authors' CALPHAD type thermodynamic modeling of Fe-C-S system.
17) The present kinetic model could explain the role of C on the evaporation of S reasonably. It can be further used in the calculation of evaporation rate of Cu and Sn from liquid iron containing C and S, where evaporation rates of Cu and Sn are significantly dependent on the evaporation of S.
